concentration in the right frontal lobe. Preterm infants had a positive correlation between GABA concentration and connectivity, while term controls demonstrated a negative correlation between these two developmentally regulated parameters. Conclusion: These results suggest that regional GABA concentrations are associated with normal and altered neonatal resting-state connectivity.
Introduction
A major focus of perinatal care is the development of strategies to prevent adverse outcomes in the prematurely born, yet the fundamental alterations in brain development responsible for these changes remain poorly understood [1] . Advanced magnetic resonance imaging (MRI) strategies provide important information about the impact of preterm birth on brain development, and functional connectivity studies demonstrate alterations in neural circuitry in preterm subjects compared to term controls in the neonatal period, at school age and during young adulthood [2] .
Preclinical data suggest that early gamma-aminobutyric acid (GABA) signaling is necessary for the proper development of neural networks [3] . GABA interneurons undergo a protracted phase of development across the second and third trimesters of gestation [4] , so they may be susceptible to insults associated with prenatal stress and/or preterm birth. In a preclinical model of prenatal stress, it was found that the density of GABA-progenitor cells decreased in the cortical plate secondary to a delay in migration [5] . Likewise, preclinical and postmortem studies of prematurely born subjects with presumed hypoxic injury have demonstrated a loss of GABA interneurons [6, 7] .
Evidence from previous studies has shown that there are longitudinal changes in connectivity during the putative third trimester of gestation [8] and significant differences in connectivity between preterm neonates and term controls at term-equivalent age, but the cellular mechanisms responsible for these changes remain largely unknown [8, 9] .
Our previous studies demonstrated regional decreases in resting-state intrinsic connectivity in preterm adolescents compared with term controls and the endogenous resting concentration of GABA may be measured using edited magnetic resonance spectroscopy (MRS) [10, 11] . In this pilot study, we tested the hypothesis that regional GABA concentration would predict connectivity in the prematurely born.
Methods
This study was approved by the Yale University Institutional Review Board and all parents provided written consent.
Subjects
Preterm neonates with a birth weight of 500-1,500 g and healthy, term controls born between 37 and 41 weeks' postmenstrual age (PMA) were eligible for the pilot protocol and were prospectively enrolled between 1 September 2010 and 31 October 2013. All were inborn and appropriate for gestational age. Exclusion criteria included evidence of congenital infections, congenital malformations and/or chromosomal disorders, seizures, grade III or IV intraventricular hemorrhage, periventricular leukomalacia or focal abnormalities on MRI.
GABA-Edited MR Spectra
Subjects were scanned without sedation using a feed-and-wrap protocol in a 3-tesla Siemens (Erlangen, Germany) TIM Trio MR system with a 32-channel parallel-receiver head coil. GABA-edited spectra were acquired using the MEGA-PRESS method [12] from a 2 × 3 × 3 cm 3 region of interest localized over the right frontal region based on prior studies demonstrating decreased restingstate connectivity in that region correlated with lower executive functioning scores [13] . Figure 1 shows the composite location of the GABA voxels of all the individuals (TR = 1,500 ms, TE = 68 ms, flip angle = 90°, bandwidth = 1,200 Hz). Separate 5-min scans without water suppression were acquired in the same volume and with the same parameters to allow normalization.
Analysis of the GABA-Edited Spectra
Spectra were processed with 3-hertz Gaussian exponential-line broadening and a high-pass water filter was applied. The edited GABA signal at 3 ppm and unsuppressed PRESS water signal were integrated, and concentrations were calculated from the ratio in institutional units. Differences in underlying macromolecules were assessed by fitting the coedited 0.9-ppm macromolecule peak which is stoichiometric with the coedited 3.0-ppm macromolecule resonance [14] . Data were corrected for their water spectra and gray matter volume within the designated voxel (i.e. 'GABA/H 2 0/ gray matter volume') and are reported as GABA units/mm 3 .
Spectra were collected for glutamate, N-acetylaspartate (NAA) and choline as previously described [14] .
fMRI Imaging Parameters, Preprocessing and Registration to a Common Space MRS measurements were followed by a high-resolution 3-dimensional (3-D) acquisition, a T 1 -weighted anatomical scan and acquisition of resting-state functional connectivity data as described [15] .
Localizer images were acquired for prescribing the functional image volumes, aligning the seventh or eighth slice parallel to the plane transecting the anterior and posterior commissures. T 1 -weighted 2-D anatomical images were collected [TR = 300 ms, TE = 2.47 ms, field of view (FoV) = 220 mm, matrix size = 256 × 256, slice thickness = 4 mm, flip angle = 60°, bandwidth = 300 Hz/ pixel with 25 slices] with 25 AC-PC aligned axial-oblique slices in addition to 3-D anatomical scans using magnetization prepared rapid gradient echo (176 contiguous sagittal slices, slice thickness = 1 mm, matrix size = 256 × 256, FoV = 256 mm, TR = 2,530 ms, TE = 2.77, flip angle = 7°, bandwidth = 179 Hz/pixel). After these structural images, acquisition of functional data began in the same slice locations as the axial-oblique T 1 -weighted data. Functional images were collected using an echo-planar image gradient echo pulse sequence (TR = 1,500 ms, TE = 27 ms, FoV = 220 mm, matrix size = 64 × 64, slice thickness = 4 mm, flip angle = 60°, bandwidth = 2,520 Hz/pixel, 25 slices). Functional runs consisted of 186 volumes (approx. 5-min scan length) after the first 6 volumes were removed to allow the magnetization to reach the steady state. All subjects had at least two functional runs.
fMRI Analysis
Data analyses were performed as previously described [15] . Briefly, data were converted from the Digital Imaging and Communication in Medicine format to analysis format using XMedCon (http://xmedcon.sourceforge.net/). Images were slicetime-corrected and motion-corrected using SPM5 (http://www.fil. ion.ucl.ac.uk/spm/software/spm5/). All further analysis was performed using BioImage Suite software [16] . Several covariates of no interest were regressed from the data including linear and quadratic drift, six rigid-body motion parameters, mean cerebral-spinal-fluid signal, mean white-matter signal and overall global signal. The data were temporally smoothed with a zero mean unit of variance Gaussian filter (approx. cut-off frequency = 0.12 Hz). A GABA in the Preterm Brain 151 gray-matter mask was applied to the data so that only voxels in the gray matter were used in the calculation.
After preprocessing, the functional connectivity of each voxel as measured by the intrinsic connectivity distribution (ICD) was calculated for each individual subject as described previously [15] . Similar to most voxel-based connectivity measures [17] , ICD involves correlating the time course for any voxel 'x' with every other time course in the brain and then summarizing these correlations using a network theory measure. Specifically, ICD models the entire distribution of the network measure of degree, eliminating the need to specify a connection threshold. As global mean regression makes the signs of the correlation ambiguous, we only focused on the positive correlation [18] . A histogram of these positive correlations was constructed to estimate the distribution of connections to the current voxel. This distribution of connections was converted to a survival function and the survival function was fitted with a stretched exponential with unknown variance, i.e. alpha.
As alpha controls the spread of the distribution, a larger alpha indicates a greater number of high correlation connections. Finally, this process is repeated for all voxels in the gray matter resulting in a parametric image of the alpha parameter for each subject.
To interrogate relative differences in connectivity, each subject's map was normalized by subtracting the mean across all voxels and dividing by the standard deviation across all voxels. This z-score-like normalization does not change the underlying connectivity pattern but allows for the investigation of relative differences in connectivity in the presence of large global differences in connectivity. Finally, all single subject results were spatially smoothed with a 6-mm Gaussian filter and warped to a common space through the concatenation of a series of linear and nonlinear registrations as previously described [19] .
As motion has been shown to confound connectivity studies [20] , the average frame-to-frame displacement of each restingstate scan was computed. The metric combines both translational and rotational movement into a single number for each subject, summarizing their motion. To minimize confounding, blocks of data with motion >0.1 mm were removed. For preterm infants, an average of 31.4 frames was removed. For term controls, an average of 44.8 frames was removed. For the final analysis, the average frame-to-frame displacement was 0.045 ± 0.015 mm for the preterm infants and 0.058 ± 0.036 mm for the term controls. There were no significant differences in the number of frames removed from the analysis, the number of frames used for the analysis or for motion when preterm infants were compared to term controls (p = 0.78, p = 0.62 and p = 0.26, respectively).
Statistical Analyses
Demographic data and neurotransmitter concentrations were analyzed using the Student t test and Fisher exact test. Cook's distance (Cook's D) was employed to identify potentially influential outliers. p < 0.05 was considered significant. Analyses were performed using SPSS 19.0.
To assess the relationship between GABA concentration and ICD data for each group, a voxel-wise Pearson correlation analysis between ICD in the right frontal lobe and GABA concentration was performed for only voxels in the right frontal lobe. Correlations were converted using the Fisher transformation and were compared using the Student test. Results are shown at a voxellevel threshold of p < 0.05 family-wise error correction as determined by the AFNI AlphaSim program.
Results
Forty-five neonates (20 preterm and 25 term) participated in this pilot protocol. MRS data are available for 18 preterm (90%) and 21 term (84%) neonates, while fMRI data are available for 12 preterm and 16 term neonates. Subjects excluded from the analysis are shown in figure 2 .
An additional preterm subject was found to be an outlier for the ICD analyses (subject Cook's D 0.365; model Cook's D 0.0386) and was also omitted from the analyses.
The characteristics of the study infants are shown in table 1 . There were no significant differences between the preterm and term neonates in gender, race or mean PMA at scan.
Preterm subjects had lower regional GABA and glutamate concentrations than term controls (p = 0.049 and 0.005, respectively), but there was no significant difference in the NAA/choline ratio ( table 2 ) . There were regions of large ICD detected in previously identified hub regions in term infants ( fig. 3 a) [21] . However, these hub regions were less detectable in the preterm infants ( fig. 3 b) . ICD was decreased in the preterm infants compared to term controls in the Brodmann areas (BA) R BA9, R BA44, R BA45, R BA47, L BA47, anterior cingulate and anterior insula (p < 0.05; fig. 3 c) .
Preterm infants showed a significantly different relationship between ICD and GABA in R BA9, BA44 and BA6 when compared to term control neonates (p < 0.05 corrected; fig. 3 a) . ICD values for this region for the preterm and term controls were -0.047 and 0.192, respectively (p = 0.03). Scatter-plots of the data from this region of interest demonstrated a negative correlation between connectivity and GABA concentration (r = -0.564, p = 0.02) for the term control subjects ( fig. 3 b) . In contrast, a positive correlation was found between ICD and GABA for the preterm neonates (r = 0.735, p = 0.01; fig. 3 c) .
Similar analyses were performed for resting-state ICD and birth weight, PMA at scan, glutamate/mm 3 and the NAA/choline ratio; no significant correlations were found. Values are denoted as mean ± SD or n (%) a 4 neonates had germinal matrix hemorrhage. These preliminary data are, to the best of our knowledge, the first to demonstrate that regional GABA concentrations are significantly correlated to resting-state connectivity in the prematurely born. Consistent with preclinical data, the preterm infants in our study had lower right frontal GABA and glutamate concentrations than the term controls. In addition, preterm infants showed a significantly different relationship between connectivity and GABA concentration in the right frontal lobe compared to term controls. Preterm infants had a positive correlation between right frontal GABA concentration and ICD in R BA9, BA44 and BA6, while term controls demonstrated a negative correlation between these two developmentally regulated parameters in this region. These regions subserve both language and executive function and may contribute to the cognitive and behavioral difficulties reported in preterm subjects at school age and adolescence. Finally, we found no group difference in NAA/choline, a reported marker for neuronal number.
Previous voxel-by-voxel and seed-based studies of resting-state connectivity elegantly demonstrate the emergence of resting-state connectivity throughout the putative ex utero third trimester of gestation and show differential patterns in preterm neonates compared to term controls at term-equivalent age [8, 9] . Although MRS measurements of NAA suggest that clinical events may alter microstructural thalamocortical connectivity [22] , and preterm infants with the highest severity-of-illness scores demonstrate the most deficits in resting-state connectivity [23] , the mechanisms responsible for these findings remain unclear. GABA is the major inhibitory neurotransmitter in the brain of older infants, children and adults, but in fetuses and newborn infants, activation of chloride-permeable GABA A receptors results in excitatory phenomena. This early excitation depends on elevated intracellular Cl -concentrations and is mediated by the Na + -K + -2Cl -cotransporter (NKCC1), a developmentally regulated protein reported to be in abundance at 40 weeks PMA. The developmental switch in GABA from excitatory to inhibitory reportedly occurs in the weeks following term delivery consistent with a decline in NKCC1 expression, and increases in the Cl --extruding K + -Cl -cotransporter, KCC2. The negative correlation between ICD and right frontal GABA demonstrated by the control subjects in this study mimics the finding in adults [24] [25] [26] , suggesting a delay in maturation in the prematurely born [27] .
The strengths of this translational pilot study were the ability to measure GABA in vivo in infants, and the demonstration of different relationships between this neurotransmitter and ICD in the right frontal lobe in preterm neonates and control subjects at term-equivalent age. The limitations include the number of subjects, the lack of a control region and the inability to specifically identify the cellular location of GABA. The majority of GABA is located in two pools with very different functions in cortical neurons -the cytoplasm and the presynaptic vesicles. Our pilot studies were only capable of detecting total GABA within the prescribed localized region, and thus we cannot differentiate these. Finally, although voxelbased methods such as ICD eliminate the need of a priori information to define regions of interest, these measures lose any spatial information about the connectivity changes to a specific voxel. Further analyses are needed to specify which regions are responsible for the changes in connectivity that we have reported. Advances in MRS technology such as chemical-shift imaging, the adaptation of ultra-high-field MR for use in neonates and the investigation of preclinical models will most certainly increase our knowledge about the many roles that GABA plays in cerebral maturation [26, 28, 29] .
The cellular mechanisms driving connectivity in the developing brain continue to be explored. Our pilot data suggest not only alterations in neural networks in preterm neonates compared to term controls at term-equivalent age, but also demonstrate for the first time that GABA concentrations are lower in infants that are born preterm. Changes in GABA concentrations may contribute primarily to alterations in functional connectivity in preterm infants, and secondarily to the development of neurodevelopmental disorders in the future.
